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Liquid Crystal Tunable Filters are optical devices electronically controlled to alter
their
passband on demand without involving mechanics. By incorporating such a device into an
imaging system, a datacube can be constructed by capturing images while stepping the filter
through a series ofwavelengths.
In astronomy, continuing improvements in the sensitivity of telescopes and detectors have
increased the number of objects available for study far beyond the capabilities of
conventional spectroscopic systems to measure them. Instead of collecting spectra a single
object at a time, research into multi-object spectroscopy solutions, the ability to examine
many objects simultaneously, is the current focus in the field. This work tests the concept
that an LCTF system could be of significant practical value to multi-object spectroscopy in
astronomy.
Presented is a detailed description of the assembled system; the reduction, calibration,
and validation of the collected data; and the use of this data, collected by an LCTF system, in
an important pragmatic example, the automated classification of stellar objects from the open
cluster Berkeley 87. As a result of this experiment, the magnitudes of 26 stars for which no
such data previously existed have been measured via the LCTF. Classifications derived from
the LCTF data are presented for 74 stars from the cluster, where only 16 existed in
previously published works. Four of these 16 were used for calibration, while the remaining
12 served to demonstrate process validation. Thus, some 58 stars with no previously
published classification were classified, demonstrating that an LCTF-based system holds
promise for astronomical multi-object spectroscopy.
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The general goal of the project described herein is to explore the viability ofusing an
electronically tunable filter in conjunction with a CCD camera system to capture multi-object
spectroscopic data over the entire field ofview of an astronomical telescope. More
specifically, a liquid crystal tunable filter (LCTF) was integrated into an astronomy imaging
system in order to examine whether or not the data acquired with such a system would have
sufficient sensitivity and stability to be used for research purposes.
1 .2 Thesis Structure
This chapter expands upon various methods used to pursue themulti-object spectroscopy
goal. It starts by providing a basic explanation of the more classic approaches such as using
broad-band filters and then works its way through briefdescriptions ofmore sophisticated
instruments that are not closely related to tunable filters. Next, other forms of tunable filters
are briefly described. The chapter concludes with amore detailed description of the physics
behind the LCTF.
The sensor system as a whole is discussed in Chapter 2. The basic configuration of the
components, as well as the efforts required to achieve a stable system, are described in the
first section of the chapter. The remaining portions of the chapter are concerned with the
methods ofdata collection and reduction that will be used.
Chapter 3 presents the final data collection and reduction as well as the calibration of the
data. A correction for spectral shape is determined and applied to the data. And a
comparison is made between established Vmag values and values derived from the collected
data by synthesizing the Johnson V filter in order establish absolute calibration and to
validate the data. The true test of the system, classification of 74 members of a young star
cluster, forms the last section of the chapter.
Chapter 4 concludes the work with a discussion of the results and their implications for any
future work.
1.3 Multi-Object Spectroscopy Goal
Ultimately, the goal ofmulti-object spectroscopic imaging is to establish the precise
measurement of all possible traits of all photons (such as its energy, direction ofpropagation,
and polarization states) from a specific field of interest, incident over a given aperture.
Within physical limits, this would include acquiring maximal spatial and spectral resolution
throughout the imaged field. Thus, every resolved point within the field would have a
complete spectrum to accompany it. Such a wealth of information would be highly valuable
inmany areas ofboth science and industry. Other physical traits, such as arrival time and
polarization parameters, could also be measured but will not be considered here.
Conceptually, there are two approaches to obtaining our goal that seem both obvious and
appropriate paths to take. Though we are interested in obtaining data for both parameters and
cannot practically obtain them simultaneously, it is possible to collect a range ofone
parameter while holding the other constant. This gives rise to two opposing approaches:
sampling the spatial information at a constant wavelength or examining the spectrum of a
single point at a time. The following sections will briefly discuss some of the various forms
of instruments used, to date, in pursuit of the multi-object spectroscopy goal.
1.4 Classic Spectral Filters
A classic means of astronomical data collection makes use of spectral filters. In theirmost
common form, these are typically some small series of slightly overlapping broadband filters
within some range from the ultra violet to the infrared. Some of themore commonly used
series are the Johnson-Morgan-Cousins, Hipparcos-Tycho, Thuan-Gunn, SDSS, and HST
series. The ubiquitous Johnson filter series, for example, consists of 5 filters which, in total,
span from the ultraviolet to the infrared. The filters are named U, B, V, R, & I (ultraviolet,
blue, visual, red, and infrared).
Johnson filter set
Individually Normalized
300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)
Figure 1: Individually normalized Johnson UBVRI response
functions1
The set is largely thought of in a photometric sense with magnitudemeasurements using
the V-filter being one of the most common measurements made of any star being examined
in the optical region. Differences inmagnitude between filters are often used to determine
some characteristic about a star's apparent spectrum. Reddening, for example, can be found
from the difference between the star's apparent color index (B-V) and its theoretical true
color index unaffected by extinction. Ifmeasurements for a star are made with each filter, a
very low resolution spectrum of the star is determined.
The spectral resolution captured could be improved by increasing the number of filters
within the set. Filters with narrower passbands, such as interference filters, would also allow
for increased spectral resolution. When combined with an area array detector, such a set
could measure all spatially separable objects in its field ofview. Limitations may arise as the
demand for spectral resolution is increased and the number of filters is increased from a few
to many tens to even hundreds. For example, if a spectral resolution of lOnm FWHM over a
range of400 to 700nm was desired, some 61 filters would be required (assuming filters
centered at 5nm increments). Reliably positioning so many filters, as well as maintaining all
of the optical surfaces could prove quite challenging.
1.5 Slit Spectroscopy
Slit spectroscopy, or long slit spectroscopy, is achieved by coupling a spectroscope to the
exit pupil of a telescope. The spectroscope (or spectrograph once a camera is incorporated)
is simply a narrow slit placed before a prism or grating in order to spatially disperse the
incident light by wavelength.
This form of spectroscopy can provide very high resolution spectra but has a critical
limitation in regards to the multi-object goal. A spectrograph can capture data from more
than one object at a time as long as they fall along the slit and are resolved spatially. But if a
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field contains more than a handful, let alone hundreds, of targets, the amount ofobserving
time required to collect all the spectra becomes impractical.
Despite this limitation, spectrographs still play a crucial role in astronomy given their
ability to collect very high resolution data. Othermulti-object methods, such as the subject
of this paper, may lack the spectrograph's resolution but can serve to narrow the selection of
candidates for further study by a spectrograph, thus makingmore efficient use ofobserving
time.
1.5.1 Grism
It is possible to capture the spectra of a small number ofobjects simultaneously using a
variation of the standard spectrograph called a grism. A grism is a prism with a grating
etched onto one side, usuallywith a slit placed in the optical path prior to the grism. The
field's spectrum is dispersed by the grism and, as with a spectrograph, captured on an array
sensor. Attentionmust be paid to objects situated along the direction ofdispersion, as their
spectra may overlap one another. In this manner, as long as there are but a few, well
separated, stellar objects, several spectra can be captured simultaneously. Extended objects
are generally avoided as the spectral information would be inter-convoluted proportional to
the width of the object.
1 .6 Related Methods
There are several methods not classified as tunable filters that should be brieflymentioned
as their goals are along the same lines as this project's.
1.6.1 Hydra & Integral Field Spectrometers
The National Optical Astronomy Observatory's Hydra sensor for theWIYN observatory, a
collaboration between the University ofWisconsin, Indiana University, Yale University, and
NOAO, is a fiber-optic based spectrograph. Its collection of288 fibers is divided evenly










aperture spanning the range from 300nm to 700nm. Fibers are mechanically
placed, individually, on a focal plate and the captured light sent to a bench spectrograph. The
closest the 2 fibers can be positioned on the focal plate is
37"
in an overall field size of
60'
.
Given this limitation, the instrument is not particularly well suited to dense fields or extended
objects.
Hydra is clearly a valuable tool for increasing telescope productivity and has a higher
spectral resolution than an LCTF. It does however have a few significant limitations in terms
of throughput. For example, setup time for positioning the fibers is on the order of 30
minutes. This, combined with the minimum fiber to fiber separation limit, increases the
collection time for dense fields considerably. Additionally, there seems to be a history of
mechanical issues, which have impacted collection efficiency3'4'5.
Integrated field spectrometers consist of an optical fiber bundle positioned at the focal
plane. Two excellent examples of this type of instrument are SPIFFI andMUSE. TheMax-
Planck-Institut fur Extraterrestrische Physik created SPIFFI, Spectrograph for Infrared Faint
Field Imaging, for examining the near-infrared range, which uses 32 fixed-position slitlets
over which a region of interest is divided. The European Southern Observatory is currently
in the process of engineering theMulti Unit Spectroscopic Explorer. MUSE is an integrated
field spectrometer that will work in the visible and near-infrared bands using an assembly of
24 spectrographs. As valuable as these approaches are, they have a fairly limited range of
application given the relatively small field that can be targeted and the spatial sampling
difficulties over extended objects or dense fields.
1.6.2 Super-conducting Tunnel Junction Detectors
Another potential means to reach the spatial/spectral goal is via a superconducting tunnel
junction detector or STJD. Individual detectors within the STJD consist of two thinmetallic
films separated by an insulating layer. The device is cooled to induce its superconducting
state and a small bias is applied across the barrier. When a photon strikes the detector, a
charge proportional to the photon's energy can be measured, thus supplying both spatial and
spectral information6.
The European Space Agency, or ESA, succeeded in demonstrating such a device by 1999
with a 36 pixel array of STJ detectors called the S-Cam l7. Improvements on the original
design have been successful in subsequentmodels, notably increasing sensitivity and
resolving power8.
STJDs are highly enticing but do have their share ofdrawbacks. Although costs have
dramatically dropped over the years, cooling the device to tens ofmilliKelvin is still fairly
expensive. Both the ESA and Space Telescope Science Institute, STScI, have discovered
that the experimental results fall significantly short of the theoretical promise in terms of
resolving power. In fact, near-field contamination is a significant issue, as is noise from the
instrument's electronics9. While these arrays have been demonstrated in the optical range,
they are more often used in the UV to X-ray portion of the spectrum where photon energies
are higher and better signal to noise ratios may be obtained. But as these devices mature,
more researchers are calling for an STJD to be placed on a space vehicle platform.
A variant on the STJD theme is the superconducting Transition Edge Sensor or TES.
Rather than employing an insulating barrier, the TES simply uses a single layer of
superconductingmaterial with a small voltage bias applied. When a photon is absorbed the
current drops in relation to the photon's energy. The count rate of a TES is lower than that of
a STJD but fabrication is somewhat easier and resolving power is improved10.
Both the STJD and TES appear to hold some promise for potential use in futuremulti-
object spectroscopy projects, however there is much development work yet to do to bring
these types of instruments to maturity.
1.7 Tunable Filters
This section will briefly describe themost common tunable filters currently available. The
intent is not so much to describe the physics of each type of filter as it is to ensure the reader
is aware that other forms of tunable filters exist. Hopefully there will be just enough
information to pique the reader's interest and encourage further reading.
1.7.1 Acousto-optic Tunable Filters
Crystals with high acousto-optic interactions can be employed as fairly narrow-band
spectral filters. Paratellurite (Te02), quartz, and magnesium fluoride are the most common
crystals currently in use. Acoustic waves can be generated in the crystal via a piezo-electric
transducer adhered to the side of the crystal. These waves create an acousto-optic effect
causing a periodic modulation of the index of refraction. This acts as a phase grating
resulting in a narrow band ofwavelengths being diffracted off-axis and the orthogonal
linearly polarized portions of the selected band diverge on opposing sides of the central
beam14' n. Typically these beams are diffracted a few degrees from the central beam. This
arrangement can allow for the use of the central beam for imaging and/or tracking in addition









orthogonal to top image
Figure 2: Acousto-Optic Tunable Filter diagram.
The FWHM of an AOTF can be estimated by the equation:
AA =QMl I bL sin20 13
Where, A,o is the wavelength ofobservation, b is the dispersive constant, 0 is the angle of
incidence of the incoming light to the normal of the crystal. Since the FWHM is proportional
to X
,
spectral resolution changes approximately in relation to MX. A recently offered device,
for example, has a FWHM of 1 .5nm at 600nm. Typically these devices operate over a range
of200nm to 3|jm, although any single devicemay only cover up to an octave.
Throughput for AOTFs is very good. In the visible portion of the spectrum, throughputs of
90% are common14. This value drops to the 30% to 50% range for the short and mid-wave.
When compared to other tunable filters, these values are relatively high.
As a function ofwave number, the spectral shape of the bandpass is close to an ideal sine .
For sensitive work, the side-lobes make a significant contribution to the throughput and
require particular attention.
There are several other factors to consider when examining AOTFs that could impact
astronomical collection efforts. A current typical maximum aperture size is in the 10mm
diameter range. Custom crystals have been grown and successfully used up to 25mm but the
imaging quality suffers. Large crystals are difficult to manufacture and imperfections arise.
Another concern is the input beam angle. The filter functions in a very similar way to a
grating, as such, image quality is dependent upon the effective number of line-pairs per
millimeter. Incident rays onto the crystal need to be fairly close to parallel to maintain
separation, which limits visible AOTFs to roughly a beam of f/9 or faster. Likemost tunable
filters, AOTFs are sensitive to temperature fluctuations. Given a typical sensitivity ofO.lnm
perC, these filters are usually thermally insulated and cooled. While ofno concern to
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terrestrial applications, AOTFs consume a relatively large amount ofpower, on the order
of
lOw, a serious concern for launched platforms.
1.7.2 Fabry-Perot Tunable Filters
The basic principles behind these filters are generally discussed inmost undergraduate
optics courses, so only a brief reminder will be provided here. Fabry-Perot tunable filters can
be created by placing two reflecting surfaces parallel to one another with a variable gap.
Typically these surfaces are quartz or glass plates with the opposing internal faces of each
plate being slightly out ofparallel with each other in order to avoid having the material itself
act like an etalon. The inner surfaces are coated with aluminum or silver to a specified
thickness in order to create the desired reflectivity. As the incident light enters the filter and
reflects back and forth between the surfaces, constructive and destructive interference occurs.
The wavelength, and its harmonics, to which the gap is tuned survive the filter and are passed
on to the detector. The central portion of the focused image, where the change in wavelength
follows the Airy Function, is captured. In the following diagram example data is shown from











Image shows change in wavelength
as seen in contours above
Figure 3: Fabry-Perot Tunable Filter diagram. With example imagery from Jones 2001.
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The free spectral range, FSR, is the change in incident wavelength required to shift the
output by one consecutive fringe and is governed entirely by the gap distance. The larger the
FSR, the greater potential spectral resolution of the filter will be. Thefinesse of the filter is
the ratio of fringe separation to the FWHM of the fringes. It describes the spectral sharpness
of the fringes and is a function ofmirror reflectivity. In order to improvefinesse, reflectivity
can be increased, but this gain comes at the cost of transmission16. Transmission for a
single-
stage FPTF in the visible region is fairly good; however, in order to reduce or eliminate the
harmonics of the selected frequency, a series of these single stage filters are stacked,
dramatically curtailing transmittance. There are many variants in use, most ofwhich seem to
include a stack of two to four Fabry-Perot cells. In order to further refine the overall
bandpass, a liquid crystal tunable filtermay be placed at the forefront of the stack. This must
include a linear polarizer, which imposes an immediate 50% transmission penalty. In sum,
FPTFs are potentially well suited to themulti-object spectroscopy goal, suffering primarily
from aperture size limits and modest transmission rates for high resolution models.
1.7.3 Liquid Crystal Tunable Filter
Slawson, Ninkov, and Horch provided a succinct description of the mechanics behind
90
LCTFs. The following is a summary of their description .
An LCTF is essentially a stack ofLyot cells with each stage having the addition of a liquid
crystal waveplate, as shown in Figure 4. The quartz acts as a fixed retarder, while the liquid
crystal is a variable retarder. Simply put, a retarder alters the polarization of light as a
function ofwavelength. So here we have a cell capable of tuning its retardance in order to
align the polarization of a desired wavelength with a linear polarizer such that it passes









Figure 4: Single Stage Liquid Crystal Tunable Filter.
Given a broadband source of light, the passband of the transmitted light is not
9
monochromatic. Instead, it is Cos in shape for a given retardance, T, namely:
T(A) =
cos 2n T
Equation 1: Ideal Transmission ofSingle Stage LCTF.
As such, multiple stages are required to narrow the passband to achieve the level of spectral
resolution needed for multi-object spectroscopy. This is accomplished by varying each cell's
retardance to a unique value. These values are reached by a combination ofvarying the retardance of
the liquid crystal and constmcting cells with differing thicknesses of quartz.
14
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Figure 5a shows an ideal passband from a single-stage LCTF. The passband has a Cos
shape centered on the tuned wavelength and continuing in both directions until the
transmissive limits of thematerials involved are reached. In order to narrow the central lobe
and to attenuate the side-lobes, additional stages are added. In Figure 5b the ideal
normalized passbands for three stages are shown, in green, yellow, and magenta. Within the
wavelength range shown the green passband defines the central lobe, while the yellow and
magenta work to squelch the off-center periodic green lobes. The resulting passband for the
set is also shown (blue dots). Additionally, the central lobes are considerably narrower than
the singe-stage case and that the side lobes, although significantly reduced, are still quite
evident. Additional stages would lead to a more desirable solution, but it should not be
forgotten that this is for the ideal case. With each added stage, transmission losses are






















Figure 5: Ideal passband from a) single stage LCTF, b) triple stage LCTF (with intermediate
passbands).
16
LCTF units are commonly available, covering the visible and near-infrared regions with
maximum spans of approximately one octave. Depending upon the wavelength range and
the user's tolerance to transmission losses, resolutions of20nm down to 0.25nm are readily
accessible and common clear apertures can be had up to 35mm. Transmission percentages
vary by wavelength and, as mentioned above, are affected by the chosen resolution due to the
number of stages. Care should be taken when reading published transmission amounts for
LCTFs as the values given are usually forpolarized incident light. Unpolarized incident
light will result in a halving of the quoted transmission values.
Each type of tunable filter has its pros and cons, and each merits being examined as a
potential aid to multi-object spectroscopy. When compared to AOTFs, the power
consumption of the LCTF is markedly lower, typically a few tens ofmilliwatts. LCTF
optical quality is very good; there are no problems with grating-like effects found in the
AOTF. The clear aperture ofLCTFs is significantly larger than either of the other tunable
filters mentioned, allowing for easier system integration and the potential to capture a larger




2.1 LCTF System Description
2.1.1 Camera
The sole camera used throughout all experiments with the LCTF was a Photometries series
300, serial number A97G2102 purchased in 1997. The unit consist of three basic
components; the camera head, the electronics, and the cooling system.
The general characteristics of the CCD are presented in the following table. The
measurements were conducted by Photometries in August of 1997. Measurements within




SITe SI502AB: Scientific grade, back-illuminated,MPP, thinned,
Vis-
Antireflection coating
CCD format 512x512 imaging pixels plus 15 serial prescan pixels, 1 parallel
postscan row
Pixel format 24 x 24 urn, 100% fill factor
Imaging Area 12.3 x 12.3 mm
Grades Grade 1 : <10 point defects, 0 cluster defects, 0 column defects
Linear full well 330,000 / pixel










Table 1: CCD Overview
17,18
The camera head houses the CCD in a vacuum mounted onto a cold finger. The cold
finger is a pedestal of aluminum, the base ofwhich is in contact with a Peltier thermoelectric
cooler. The Peltier exchanges heat with a reservoir through which a chilled liquid flows. In
this case, the coolant is a mixture of 1 part propylene glycol (typical automotive antifreeze)
and 1 part distilled water. The chiller, used to supply a continuous flow through the















Figure 6: System Components Diagram.
Configuration of the system components is shown in Figure 6. The camera head is
connected to the LCTF, which is connected to the telescope. The liquid chiller is connected
to the camera head via two
V"
vinyl tubes through which cool liquid is supplied to act as a
heat sink for the CCD's Peltier device.
The camera's power supply, analog to digital converter, and controlling electronics are
housed in a single unit connected to the camera head by a 20 foot cable. As for the LCTF,
the controlling electronics and the thermal controller are connected, respectively, to the
LCTF and resistors used to heat the filter as well as the thermistor used to measure the
20
temperature. All three electronics units are, in rum, connected to the telescope's data
acquisition workstation. The workstation is usually housed in a
'warm'
room within the
observatory. This computer is a typical IBM-PC styled unit running a common commercial
operating system. AtMees, the workstation is also connected to a telescope control
computer in order to drive the positioning. This is not an option on the Crossley, as the
positioning of the telescope is donemanually and is not motorized let alone computer
controlled.
2.1.2 LCTF Parameters
The VIS2-10 tunable filter is manufactured by Cambridge Research and Instrumentation.
The unit consists of 2 parts, one 8x8x4cm case housing the stack ofLoyt cells, the other
containing the electronics. The unit is controlled through a simple TTL serial line, connected
to the workstation PC. This allows instructions to be sent by any form of scripting software
that is has access to the PC's Com ports. The critical specifications are provided in Table 2.
Wavelength Range 400 to 720nm
FWHM lOnm







Table 2: LCTF Parameter Overview
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The axial angle of the incident beam to the filter's bore must be kept fairly small in order
to avoid excessive wavelength shifting. While it is important to be aware of this limitation, it
is of small concern given that a
7
difference results in less than a lnm shift. The beams of




As part of the set up for this experiment, the filter's transmission was determined at RIT.
An Oriel QTH (quartz, tungsten, halogen) stabilized light source was placed one meter away
from the LCTF. The filter was held at a constant temperature, slightly warmer than the
ambient. The LCTF was butted up to an Acton Spectrograph Pro 500 monochromator. The
output was measured with a photo-multiplier tube, PMT.
In the jargon of astronomy, the bias andflats were taken and used in the standard fashion
to prepare the data for analysis. A bias is an image taken with as short an integration time as
possible while the shutter is closed. The resulting image consists largely of an overall bias
plus the electronic noise produced from reading out the data, largely from the analog to
digital conversion. Aflatmay be formed by taking images of a uniform field at a distance, in
this case an integrating sphere. This provides a uniform target from which a correction for
transmissive drop-offover the sensor area and pixel-to-pixel gain differences can be
estimated.
A typical run began with establishing system equilibrium, allowing the light source and the
LCTF to reach a steady state. While the Oriel reached stability fairly quickly, about 12
minutes, the LCTF took quite a bit longer. As such, the filter was left to stabilize overnight
and kept continuously powered throughout the characterization. Alternating betweenflats
and a collection series allowed for amonitoring of the system's consistency. Each series
consisted ofPMT values recorded while setting the LCTF to some wavelength and then
running the monochromator
through an appropriate range around that wavelength.
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The results of the transmission characterization are presented in Figure 7 with the actual
values shown in Table 3. Data from Slawson, et al, is also presented. While the technique of
using stable, well-studied stars within the field of interest as references for data calibration of
observing runs renders this information as somewhat superfluous, it is important to have an
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Table 3: Measured Transmission for Randomly Polarized Light.
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2.1.3 Sensor Package as aWhole
The physical camera and filter arrangement remained roughly the same for all experiments,
see Figure 8. Flanges were attached to the fore and aft of the LCTF. Another flange was
attached to the camera and the two were connected. As will be discussed later,
environmental temperatures necessitated some additions to the original configuration. Teflon
gaskets were inserted on both sides of the LCTF. Heavy-duty resistors were added to the
exposed sides of the filter to be used as heaters in the effort to maintain thermal control. Not















Figure 8: Sensor Package Diagram.
25
2.1.4 Telescopes
Two telescopes were used during this project; one in upstate New York for testing and
another at Lick Observatory in California for final data collection.
2.1.4.1 Mees
For testing and optimization, theMees Observatory was employed. The C.E.K. Mees
Observatory, located in the hills ofwestern NY at 4242'N, houses a61cmf/13.5 Boiler and
Chivens Cassegrain reflector dedicated in 1965. The observatory sits atop Gannett Hill at an
elevation of 701m. The University ofRochester owns and manages the observatory and
surrounding estate. In 2000, DFM Engineering was contracted to add computer control to
the scope for pointing, tracking, and focusing, significantly increasing its research value.
Efforts are currently under way to add a star tracker and to improve seeing by reducing the
amount of local thermal differentiation created by the dome. The site typically has very dark
skies and good number ofuseful nights in the summer months. Winter observation attempts
are somewhat more trying given the seemingly constant cloud cover.
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Plate scale for the scope was measured to be 24.5 arcsec/mm. This gives the Site 502B





CCD scale 0.588 arcsec/pixel
Beam f/13.5
View 5.02 arcmin
Table 4: Mees Overview.
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2.1.4.2 Crossley
The final experimental data for this project was gathered during a two week observing run
on the nearly abandoned Crossley telescope at the University ofCalifornia's Lick
Observatory, not far from San lose. Originally built and used in England in 1876 with a 36
inch silver-on-glass mirror, the Crossleywas one of the first reflectors of its size. The






CCD scale 0.93 arcsec/pixel
Beam f/5.8
View 7.9 arcmin
Table 5: Crossley Overview.
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Table 5 shows the fundamental parameters for the Crossley. The beam is quite a bit faster
than theMees, which is the primary reason for performing observations here. The total field
for the Site 502B on the Crossley is estimated to be 7.91 arcmin.
In 1896, the Crossleywas donated to the Lick observatory, along with its 15-ton cast-iron
dome. By 1905, the scope had largely been reconstructed, including a new mounting and
new support structure. The primarymirror was first aluminized in 1934. Tube-based
electronic clocking, added in the 50's, is still in use today. Finally, the 1960's brought
Selsyn position readouts to the scope21. It should be noted that the white paint on the dome's
exterior has largely flaked off and much of the surface is now middle grey. This information
comes to play an important role during the observing run.
It should also be noted that the
Crossley'
s dome design leaves it blind to its zenith. While
tracking a target through zenith, there will be an approximately fiftyminute period when the
object is occulted by the dome, such was the case for our target. This time was typically
spent capturing dark frames, rotating the dome, and making tea. This is important as our
primary target, Be87, passed very nearly through zenith during the collection period.
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2.1.5 Establishing Camera Stability
Initially, during the testing phase at the Mees observatory, the temperature of the chiller
bath was set to 0.0C while the camera was set at -40.0C. Ambient air temperature was
typically between -5C and 5C. At times, with slightly warmer ambient temperatures, the
camera was unable to hold its set point. The camera head temperature rose and lost its
stability. This brought into question the level ofvacuum remaining in the head's chamber.
Shortly after this issue arose, the camera's power supply developed a problem necessitating
repairs by the manufacturer. This was also a good opportunity for the head to go through a
proper "bake and
pump,"




is the process of carefully heating the camera head whilemaintaining a
high quality vacuum. This reduces the amount of contaminants within the housing. These
contaminants adversely affect the thermal isolation of the CCD via convection. There are
two sources of such contaminants, the slow leak of external atmosphere through the seals and
the outgassing from components within the chamber itself.
After the bake and pump, the nominal camera operating temperature was lowered to a now
sustainable -50.0C. The chiller bath remained set at 0.0C until thermal issues on the LCTF
required addressing, at which point, the bath temperature was raised to 10.0C. Despite the
increased thermal load on the camera head, the -50C target could still be achieved.
As a rule of thumb, the dark current of a CCD is reduced by approximately half for every
7C its temperature is lowered. Given the specifications above it was expected that the dark
current would now be in the neighborhood of 0.15 e/sec. Measurements conducted in the




Initial testing raised the question of the filter's stability. Under relatively constant seeing
conditions atMees, a series of images ofNGC1502 was collected in October 2000. Over a
period of several hours, images were captured while stepping the filter across its full range
several times. It was clearly evident that there was a problem with the stability in the total
system throughput. Integrated and peak ADU counts for selected stars varied greatly for
images at a fixed wavelength taken at different times. The variation was greater than what
could be explained by the differences in seeing conditions within the constraints set even by
casual visual observation.
After verifying that the system was operating normally, that there was not some sort of
hardware failure causing the problem, the hypothesis was proposed that the source of the
problem was the LCTF's sensitivity to thermal variation. Liquid crystal cells are quite
sensitive to thermal fluctuations and the unprotected LCTF, along with the rest of the system,
had been exposed to significant changes over the course of the night. The issue was too
much of a concern to ignore and efforts were made to mitigate the problem.
Since the filter's housing is constructed from thick aluminum and is attached to relatively
massive metallic subsequent components, thermal conduction from these other pieces is a
serious concern. Any type of active control of the filter's temperature could only be effective
if the filter could be at least partially isolated from the rest of the system. Therefore, two
Teflon gaskets were fabricated to provide thermal isolation between the filter and the rest of
the system.
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As for the control, a series of large 10-watt resistors was attached to the sides of the filter's
housing. A thermistor was embedded into the aluminum. Both the resistors and the
thermistor were patched into a thermal control unit. This controller can be communicated
with via a TTL connection using simple ASCII commands. The primary image collection
script was modified to collect the filter's temperature with each image. This information is
then recorded in the image header.
The filter could now be held at a constant temperature, assuming the ambient temperature
was lower. Throughout the following experiments, the LCTF temperature was set to values
around 300 Kelvin with an accuracy of roughly 0.1 Kelvin.
It is reasonable to assume that even with the addition of a thermal break between the filter
and the camera, the now heated LCTF would place further thermal load upon the camera's
cooling system. Fortunately, the cooling system was able to meet the demand. No
temperature variation in the camera was noticed.
Testing was then conducted in order to establish a minimum initialization period. Over
several typical nights, under stable conditions, observing runs were completed noting how
much time had elapsed between powering-up the system and obtaining consistent integrated
stellar values. 45 minutes was deemed to be an acceptable minimum and therefore, under the





With the imaging system chosen, its efficiency known, and a telescope class ofone meter
(actually oneyard, in this case), some general target requirements were formed. For testing,
we decided that a collection of stars with good angular separation, covering an area roughly
five arcminutes in diameter would be appropriate. The imaging system's efficiency total
throughput is such that the targets should be as bright as possible to keep the observing time
within reasonable limits. The targets also needed to have several stars previously classified
by respectable sources. Of course one of the other desirable traits was that the target be
something interesting.
While testing and characterizing the system was possible atMees year round, an observing
run at the Crossley was limited to the summer months due to observer availability. As such,
target selection would be limited to objects that were optimally located in the sky as seen
from the Crossley in summer, yet still adequately positioned for testing from Mees. To
minimize atmospheric effects, preference was given for targets with a declination close to the
telescopes'
latitude, which are roughly similar, placing them high in the sky. Together these
parameters provided a best-case position of roughly 40N 19h.
Once all of these requirements were established the number of good potential targets
became rather limited. The clusters NGC6871, NGC1502, and IC4996 were seriously
considered. Berkeley 87, at 37N 20h, was ultimately chosen for its position, stellar
members'
brightness, and because several stars within the group have been well
characterized.
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Figure 9: Berkeley 87 Vmag chart, with box marking approximate
7.9'x7.9'
view expected
from the Crossley with the LCTF system.
Figure 9 shows the V magnitude finding chart for Berkeley 87 with a box indicating the
camera's field ofview. Based on the experience gained during testing at Mees, it was
expected that objects with Vmags of 15 or brighter should be reasonably accessible.
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2.2.2 Overheating
As mentioned, the Crossley has seen little use in recent times and budgeting constraints
have led to the elimination ofmost of the basicmaintenance of the facility, including dome
painting. The typical titanium white paint on the upper portion of the dome has largely
flaked away, revealing the mid-grey primer underneath. While we noticed this decay upon
arrival at the observatory, its importance did not become evident until observations actually
began.
Local ambient temperature at the observatory ran from roughly 10C at night to the upper
20'
s in the daytime. Without ventilation, the dome trapped large amounts ofheat. Although
the maximum temperature at the scope's base was only about 20C, the upper portion of the
scope reached 44C at times. Being a solid tube enclosure made of iron, weighing over
5000kg, the scope has significant thermal mass and a large coefficient of thermal expansion.
By standard operating procedure, the scope is parked at zenith. This leaves the imaging
system, located at prime focus, in the warmest possible location.
During testing atMees, typical scope temperatures were in the 5C to -10C range.
Temperatures up to 20C were tested for but were never expected to be encountered outside
of the lab. Scope temperatures of40+C were clearly outside the range of expected
temperatures and proved to be quite difficult to deal with, adding significant amounts of time
to the reduction process.
Efforts to deal with the heat were implemented incrementally, starting with opening the
dome an hour earlier than normal. This helped somewhat but eventually we tried to leave the
dome open as much as possible. Established operational procedure requires occupation of
the observatory while the dome is open. We managed to stand guard and keep the dome
open for all but a couple ofhours in the latemorning, taxing our sleep. Despite the effort,
additional steps had to be taken.
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Although parking the scope away from zenith as procedures required would have likely
mitigated some of the overheating problem, the request to do so was frowned upon by
management. Daytime temperature differentials in the dome between the camera's position
with the telescope pointing at zenith versus pointing as low as possible were found to be
around 20C.
The next step was to leave the liquid chiller for the camera on continuously. The camera
housing would then act as a heat sink for the spidermount and equipment. Given the amount
ofmass involved, this effort had only a small effect.
Placing a thin gasket between the equipment and the spider mount to provide some thermal
isolation was considered but had two problems. The first was that so little travel was left in
the focus stage that installing the gasket would likelymove the detector out of range of the
focal plane. The second was that if the equipment was cool but the spider hot, then optical
distortions might be introduced in the surrounding air.
While efforts to decrease the temperature of the scope were being taken, there was also a
small amount of room to work with on the other end. The operating temperature of the
LCTF could be raised. Bringing the telescope and the filter's temperatures closer together,
could re-establish stability. The limits to the further warming of the filter were three fold.
First, some of the heat from the LCTF would be transferred to the camera housing, thus
adding to its thermal load, potentially increasing the cameras operating temperature. Such an
increase in the camera's temperature would not be acceptable given that the dark current,
largely dependent upon temperature, was a prime sensitivity for the system. The second limit
faced was the LCTF's operating temperature range,
20
to 40C. Third, was the power
limitation of the temperature controller in providing heat to the filter. This would be highest
taxed when the ambient temperature reached its minimum for the night.
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Raising the filter's temperature proved to be a futile effort. The LCTF temperature was
increased to 3 1OK, 37C, but there was not enough power in the controller to hold this level
as the night grew cooler. With a maximum output of20w from the controller, 16w was
chosen as a target for typical operatingmaximum so some power would be left in reserve.
After experimentation, 25C was determined to be as warm as the LCTF could be reliably
kept. Luckily, the camera's liquid chiller was found to be nowhere near its cooling capacity,
even during the daytime. Without further obscuring the optical path, as much of the chilled
liquid tubing as possible was put into contact with the focusing stage. This final addition was
adequate to establish stability and allow the observations to be made. Under the
circumstances, this was deemed to be an acceptable solution despite the differences in
temperature between the mounted equipment, the telescope tube, and the ambient air.
2.2.3 Typical Run
A general pattern for observation runs was developed during the testing phase of the
research. This partem continued to be refined as various obstacles during the Crossley run
were negotiated. Initially, the camera was powered and allowed to reach thermal equilibrium
each afternoon. Once the camera was ready, a series ofbias and dark frames would be taken
until the observations began. As determined in our testing at Mees, the LCTF was exercised
regularly.
Most of the chosen targets passed within a few degrees of zenith, which the telescope
cannot observe. During the roughly 50-minute loss as the target was occulted by the dome,
dark and bias frames were again acquired. After the run was completed, yet another series of
bias and dark frames would be captured.
By the end of the observing run at the Crossley, our operating procedure had changed. The
camera was never powered off and constantlymaintained at -50C. Even more bias and dark
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frames were added to the collection. The camera was basically kept in continuous operation.
Information about the LCTF's temperature controller, its current power output to the heaters,
target temperature, and the filter's actual temperature, was added to the image headers. This
additional collection required a minimal amount of effort and a negligible amount of storage
space while eliminating a potential source of error.
2.3 Data Reduction and Spectral Extraction
2.3.1 Basic Reduction
For any given observing run, standard processing steps were taken to reduce the data into a
meaningful form. There are four types of raw images collected: bias, dark,flat, and object.
For each night's run, a series ofdarks and skyflats was collected. Darks were also collected
during the downtime while a target was passing through the
Crossley'
s zenith.
The intent of collecting bias and dark frames is to produce an accurate estimate of the
sensor's inherent noise so that such terms may be accounted for in reducing the data into a
useable form. On a per pixel basis, dark noise and detector bias are significant contributors
to the overall noise of the system.
Bias frames are images captured with the shutter closed and with aminimal exposure time.
Themedian of a series of these images is created to form the Bias for an observing run.
Dark frames are simply exposures made with the shutter closed, eliminating all incident
light over the sensor's bandpass. Unlike the bias frames, darks are made with nonzero
exposure times. The Bias is removed from each of the dark frames and the median of the
resulting images taken to form theDark. The Dark is a per pixel map of the dark signal,
which can then be scaled to the exposure time of a specific object image.
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Estimating per pixel gain is necessary in order to account for CCD variations and telescope
falloff across the detector area. A Flat can be used to estimate the response of the sensor to
uniform illumination. This can be achieved by acquiring a series of images while targeting a
spatially uniform source. The preferable target for a flat field is an unpopulated (within the
system's sensitivity) portion of the sky. After accounting for the bias and the dark signal in
theflats, they are normalized by dividing by the per pixel median of the series. The resulting
Flat is then divided out of all the object frames in order to reach a uniform response.
As a final step in creating useful data, the object frames are then translationally
co-
registered to one another. This allows for the easy collection ofvalues of a specific star
across frames.
Stars within Berkeley 87 are considered as point sources for this study. These point
sources are dispersed largely by atmospheric turbulence and optical aberrations such that by
the time the light has reached the sensor, it has been dispersed over multiple pixels. In order
to measure the total flux of a star over our aperture, some estimate of the system's point
spread function, PSF, must be made in the region of interest of the sensor.
By examining the shape of themore well-defined, independent stars in the data, Gaussian
shaped models can be made for PSFs at different positions around the sensor. These
estimates can then be interpolated for any position on the sensor and an area of integration
for every candidate star determined. These integrated values form the reduced data set that
we are interested in, while problematic candidates, such as poorly separated stars, are
eliminated.
All of the steps mentioned are typical processing procedures necessary for virtually all
sensors detecting flux. This work made use of a set of software tools called IRAF, the Image
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Reduction and Analysis Facility. IRAF is written and maintained by the National Optical
Astronomy Observatory (NOAO). All of the processing steps mentioned so far were
performed by using the standard tools found in IRAF.
2.3.2 Extracting Spectra
The final task performed with IRAF is to, star by star and frame by frame, consolidate the
data into a table. For each star in each frame the integrated sum of the star, its position, and
the wavelength at which the frame was captured is tabulated. From this table a spectrum
may be formed for each object. Such a spectrum can be extracted from every spatially
separable candidate within the field.
In order to calibrate the collection, spectra from well-characterized stars within the field
are used as reference. While having at least one of these standard stars within the field is an
absolute requirement, it is preferable to have as many as possible available. Havingmore
than one standard available within the field allows for a secondary validation of the
calibration. By using this
'in-scene'
method of calibration, potential systematic variations
due to environmental differences between the lab and the observatory are eliminated when
compared to solely calibrating the sensor in the lab.
Once the calibration is complete, the spectra of all the stars within the field may be





Dr. Laurance Doyle of the SETI Institute graciously acted as our sponsor for a
two-week
long observing run at Lick Observatory on the Crossley
36"
reflector in July 2001 . As
previously discussed, the ambient temperatures within the dome proved to be troublesome
and were difficult to mitigate. Halfof the two-week observing time was used in addressing
the issue before satisfactory results were obtained. Data collected over two nights, 26-27
July 2002, were ultimately the source for all subsequent work.
The temperature of the LCTF over the period from which useful data was collected can be
examined for fluctuations in order to determine that sufficient stability was maintained and
thus that thermal variations will not significantly impact the results. Given the seriousness of
the thermal instability problem, this is a critical test that must be passed ifmeaningful results
are to be realized.
Upon examination of the recorded LCTF temperature obtained with each image captured,
it is distinctly evident that our efforts to stabilize the system had paid off. Over the two
nights, some 230 object and sky-flat images, for a total of roughly 20 hours of observing
time, the average temperature of the LCTF was 302.OK with a standard deviation of
significantly less than 0.1K (themeasurements are quantized in steps of0.1K, so an accurate
value for the variance is not possible). As a side note, the amount ofpower consumed by the
LCTF's heater varied from 13.5w to 17.6w out of the 20w available. Despite the relatively
harsh environment, the thermal variation was successfullymitigated.
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3.2 Basic Reduction
As noted in 2.3.1, data reduction takes the usual route within IRAF. Raw images are read
into the system and sorted by type, such as bias, dark, flat, or object. A single zero-level
image is created by combining all bias frames, which is then subtracted from all other
frames. Next, all dark frames are combined to create a reference dark frame. This is then
scaled by exposure time and subtracted from each object image and flat field. Theflats are
grouped by wavelength. Within each group the median value of each pixel coordinate is
found to form amaster flat for that wavelength. These are then divided out of the object
images of the corresponding wavelength in order to account for pixel-to-pixel differences in
gain. Most of these procedures can be largely automated using the CCDPROC routine.
All the frames are then translationally cross-registered. Next, each image is stepped
through a series of operations in IRAF to extract flux values for each star within the field. At
this point the DAOPHOT photometry package becomes the primary tool. This series begins
with a search to detect stellar objects within the image. The list ofdetected objects is culled
through to reject ill-defined candidates. This includes objects that are poorly spatially
resolved from other objects or from diffraction patterns from saturated objects, or objects that
are saturated. Preliminary photometry is performed to establish initial parameters in
subsequent routines. A PSF is created from top candidates using the detected objects list and
the preliminary photometric values. This PSF is then fitted to and subtracted from all objects
within the image. The residuals are examined and the process repeated upon those objects
for which a satisfactory fit was not found. Aperture photometry is performed by a reiterative
series ofPSF fitting upon individual objects using the combined results from initial steps
taken thus far. Individual object values are determined for object position, sky values, object
magnitude, statistical goodness of fit, and error statistics. This data is then written as a




Spectra of several stars within the Be87 field were independently collected by the staff at
the University ofToronto's David Dunlap Observatory in Richmond Hill, Ontario with the
intent ofusing the data as a calibration source for the project. Unfortunately, the DDO is in
fairly close proximity to Toronto and the observing conditions havemeasurably depreciated
over the past few
years22
and the results were not favorable. The signal to noise in the
reduced spectra proved to be insufficient to act as the project's calibration source. An
alternate route was sought.
The open cluster, Berkeley 87 was chosen, in part, due to the availability of information
about the object. For the brightest stars within the group, classifications have beenmade,
magnitudes measured, and reddening amounts determined. Much of this information has
been validated by having the same values reached by independent researchers over the years.
While Polcaro, et al, are the more recent and more prolific researchers on the subject, it is
Turner and Forbes whose work will be used as the basis for the calibration of this proof of
concept. The reason for this choice is simply that Turner and Forbes have the earliest
published work sufficiently describing the cluster for our purposes. Their work is also, as far
as it can be determined, the most often cited work in regards to Berkeley 87.
A brief explanation ofobject indexing conventions is required. Turner and Forbes labeled
the stars of interest to their study with sequential numbers. Likewise, the stars measured in
this study have been given an internal naming scheme of the same fashion. The two do not
coincide. The following charts provide a visual reference for both schemes. Stars in this
study will be referenced following the pattern DM[x], where [x] is some integer. Stars from
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Figure 10: Finding chart by Turner and Forbes, 1982,
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Figure 11: Finding chart for Berkeley 87 with DM indexing.
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The path for this work's calibration unfolds thusly: A handful of candidate calibration
stars were chosen, namely DM4, 6, 18, & 27. Of the stars classified by Turner & Forbes23,
these fourwhere chosen for their apparent spatial separation from other stars, the diversity of
location within the field ofview, and for the fact that each star was measured at all
wavelengths sampled. Classification and reddening values for each of the four were gathered
from Turner and
Forbes'
work. The spectrum found by the LCTF for each candidate would
then be compared to its corresponding spectrum in the Gunn and Stryker catalog24. A
correction factor for each of the four stars was then derived. The average of these correction
factors was then applied to the entire collected data set. Figure 12 shows this correction
factor, with 2x the standard deviation of the four component corrections, determined at each
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Figure 12: Systematic calibration found bymapping reduced data from select stars to their
corresponding spectra in Gunn & Stryker.
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3.4 Photometry
Many of the stars within the field have independently determined Johnson V-magnirude
values. By synthesizing this filter's passband from the data acquired with the LCTF, a
comparison can bemade to verify that the data gathered is of sufficient quality to continue its
exploration. Since the useful spectral range of the LCTF is from 420nm to 720nm, it is
apparent from Figure 1 that the only filter for which there exists full coverage is the Johnson
V filter. Significant portions ofboth the B and R filters can also be synthesized but the
accuracy of such synthezations would be somewhat compromised.
Figure 13, below, shows the normalized Johnson V filter passband, along with nearly 40
smaller passbands within it. These smaller curves represent the LCTF passband as it is tuned
to the various wavelengths in steps of 5nm. In order to synthesize the spectral sensitivity of
the Johnson V, it is necessary to scale the data such that the relative transmission from
wavelength to wavelength follows the V-filter form.
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Sythesizing the Johnson V filter
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Figure 13: Relative transmission of the Johnson V filter and the scaled LCTF passbands
used to synthesize it.
The Vmag results from synthesizing the Johnson band are presented in Table 6. TF1982
refers to Turner and
Forbes'
object labeling, while DM2002 refers to the labels used within
this study. With the exception ofTF62 (DM35), the findings are quite satisfying. Given the
proximity ofTF62 to TF3, it is reasonable to believe that the two stars were not successfully
spatially resolved. DM79 and DM83 do not seem to share the probable contamination issue
that DM35 may have, but it is possible that the relatively large differences in Vmag could be















































13 11.32 79 0.29
24 11.48 26 -0.02
32 11.57 25 11.58 100% -0.01
26 11.83 21 11.81 100% 0.02
15 11.84 10 11.82 100% 0.02


























7 13.02 81 13.00 79% 0.02
34 13.32 12 13.42 100% -0.10









































14 14.12 100% 0.06
74 14.19 2 14.11 100%
100%
0.08
68 14.24 22 14.26 -0.02
76 14.26 33 14.28 100% -0.02
























65 14.57 32 14.53 100% 0.04
5 14.65 43 14.68 100% -0.03
83 14.71 37 14.74 100% -0.03


















































Table 6: Vmag results as compared to TF1982.
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Figure 14 is a residual plot, comparing the Vmag results between Turner & Forbes and the
results from this study. For each star, the average of the two values and their difference is
plotted. The 95% confidence bounds were then calculated for the group and are shown as
magenta horizontal lines. As mentioned above, the values found for stars DM35, 79, & 83
differ the greatest. It may be reasonable to exclude at least DM35 from the confidence bound
calculation, but for the sake of completeness it was retained within the data set. The average
























Figure 14: Vmag residual plot between T&F and DM, with 95% confidence bounds.
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A total of 65 stars were measured by the LCTF, with at least two-thirds coverage of the V
band. The 26 stars without a T&F reference are, to the best ofmy knowledge, newly
determined Vmag values. No previously established Vmag value for these stars has been
reported in any of the common sources, such as Aladin, the DSS, SIMBAD, or
Messier45.com, or in any published papers on Berkeley 87 as of the time of this writing.
The photometric success demonstrated provides confidence that themethodology and
practices used to this point are indeed sound and valid. What remains to be shown is whether
or not the concept ofmulti-object spectroscopy with an LCTF is achievable.
3.5 Classification
As an initial test, prior to actually collecting the data, a series of simple simulations was
performed in which degraded spectra from one catalog were classified against another
catalog. A random spectrum would be selected from the Pickles catalog25. Noise was added
to the spectrum, and its resolution reduced to approximatelywhat the LCTF was expected to
provide. This degraded spectrum would then be classified against the Gunn & Stryker
catalog.
The point of the exercise was to begin exploring the process for exactly how real data
would be classified. Significant amounts of time were spent exploring various approaches to
classification, in particular PCA, Principle Component Analysis, and neural networks. PCA
may have been the favored route if the expected
spectral resolution was an order of
magnitude finer, but few spectral features are distinguishable with a resolution of roughly
lOnm. Using neural networks was ruled out due to the high overhead and for the fact that
they require significant amounts of training data. In the
comparisons on different
classification methods, it is remarkable that the human classifier is still considered the best.
But the sheer amount of data currently being collected necessitates automation.
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The exercise also provides the opportunity to explain the classification process finally
implemented for this research. The Gunn & Stryker catalog holds 175 spectra covering the
Cannon (akaMorgan-Keenan) classification system based on surface temperature as well as
the Yerkes system based on spectral lines and luminosity. The approach ultimately taken
was to first determine a star's spectral classification: O, B, A, F, G, K, orM. After settling
on a spectral class, determination of the luminosity class would be attempted: V to I, dwarf
through giant.
A sample of the typical results from this process is shown in Figure 15. A spectrum from
the Pickles catalogwas reduced to a spectral resolution of lOnm and some simple shot noise
added. A chi-squared fit for this down-sampled spectrum was computed against every
member of the G&S catalog. These values were grouped by stellar class and normalized by
the number of class members. For example, there are more K type spectra than A type
spectra. Scores for stellar class are then compared and a determination is made as to themost
probable match. According to how well defined this choice seems to be, a range around the
most likely class is used to attempt to determine sub-class and, separately, luminosity class.
In the example shown, it is clear that the star in question is in the O to B range. The
chi-
squared scores from all spectra near the most likely stellar evolution point for the star in
question are then examined. By limiting the evolutionary range, spurious results are
minimized. The best fitting results can be seen on the right of the figure, and it is very likely
the candidate B3. All the B spectra from the catalog are then used to attempt to choose
between dwarf and giant, and the best fit is taken as the deciding value. In this case, it seems
fairly clear we have a dwarfon hand.
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Chi square best fits on catalog #7-5
_-| ^51
i i i | i i i i | i i i i | i i i i | i i i i | i i i
i-
1.5 _L _L _l_
700 650 6D0 550
Wavelength (nm)
Best fit on TOP, 5th beBt on bottom
500 450
tttttFESOLUTION IQnm tttMtM Top scones in entire catalog:
catalog! classThfs star seems to be of class:B
Class summed score 7= B3V
A= 9.96407 8= H3V
9= 1.19597 75= B3III
F= 46.4053 174= B5IB




Ualng Claa-g:B to decide Dwarf or Giant.
There are 1 1 class B Dwarf stars Tn the catalog.
There are 3 class B Gfant stars in the catalog.







SCORES: (lower is better)
Dwarf(V)= 0.00707461
Glant(lll)= 0.1 051 2S
Percent difference 1235.03
Figure 15: Sample from simulated classification run. (see text for description)
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So goes the preliminary, simulated case. In reality, there is a significant variation in the
amount of reddening from star to star within the cluster. The variation within Berkeley87 is
roughly from an EBv of 1 .4 to 1 .8, but keep inmind that foreground stars may be
significantly less reddened, if at all. In order to classify the stars using the reduced spectra,
the reddeningmust be taken into account. To do so, each star's spectrum was de-reddened in
steps of 0.04 EBv from -0.10 to 2.40 to form an array of spectra. Each of the resulting spectra
was correlated against the Gunn and Stryker catalog, and the results tallied.
Figure 16 is a visualization of this reddening scoring scheme. At each point in the image a
chi-squared based score is represented by a color. Cyan indicates a good fit while colors
lower and the color bar indicate a poor score with white representing the lowest. The x-axis
is an arbitrary linear scale that represents increasing reddening amounts covering an Ebv
range from -0.20 to 3.00. The y-axis is the G&S catalog number. The G&S catalog is
organized primarily into two MK sets, each ordered by increasing evolutionary development,
O to M. The first of the two sets is comprised of catalog numbers 1 to 71 and are dwarves.
The second set, numbers 72 to 170, are giants. And the remaining 5 spectra in the catalog
represent carbon stars.
Star DM18 has an independently determined spectral class ofB1V with a reddening of 1.7.
In Figure 16 this corresponds to a catalog number of 5 and a reddening of 178, which is deep
red. While this is reassuring there aremany other combinations which also scored well.
Accepting all the cyan combinations ofEbv and catalog number as good fits, one can see
that, with this particular LCTF system, a star's evolutionary state and the amount of
reddening on the spectrum are heavily entwined. Likewise, a distinction between the two
luminosity classes, dwarves and giants, is not readily made.
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Figure 16: Visualization of classification scoring for a single star with various amounts of
reddening removed. The
Chi2
scores are represented by color. Cyan indicates a good fit,
green or white indicate poor fits.
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At the spectral resolution of the system, the reddening is not fully separable from the
spectral classification. While it is possible to simply take the accepted reddening values from
the published works ofothers and apply them here in order to achieve more accurate
classifications, this would, at least partially, defeat the purpose of the experiment. To
exemplify the problem, a sample case has been collected.
For DM19, a best correlation for reddening and classification was determined to be Ebv
=
1 .48 and B3V. Displayed in Figure 1 7 are a handful of reddening curves nearest to 1 .48 as
well as a few neighboring classifications to B3V. What is of interest here is that the general
shape in the variations for either classification or reddening, at this resolution, is basically the
same. This similarity between classes and reddening, especially in classes such as B in
which there are few distinguishing characteristics, make separation between the two
impossible. Note that in Figure 1 7 the curves for class are shown at the full spectral
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Figure 17: Similarity between reddening and spectral class. Upper set consist of catalog
spectra nearest to B3V. Lower set is DM19 dereddened to various degrees around the
accepted Et,v value of 1 .48.
This entanglement of spectral class with reddening is one of the more limiting issues in the
attempt to use this system for classification. With an increase in spectral resolution greater
emphasis could be placed upon the spectral lines in the captured data. This would likely
increase the accuracy of the reddening estimate. Ifpossible, it may also be helpful to use an
LCTF with a somewhat different spectral range so as to capture part of the spectrum less
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affected by reddening. As is, the reddening determinations found with the current system
show an accuracy of roughly 0.2 EBv- This value should be taken fairly lightly as it is based
on the rather limited number ofdata points for which comparisons could be made.
In Figure 18, a few examples from the reduced, calibrated data are presented. The
spectrum withmultiple interesting features happens to be theWolf-Rayet star, ST3. Note
that the features, marked as determined by both Polcaro, et al and Turner & Forbes23, agree
well with the spectrum captured here. The capturing of such features serves as a clear
demonstration that the LCTF is sensitive and accurate in regards to the wavelength given that
the numerous spectral features are not only readily apparent but are of the widths and
positions expected.
The spectra are presented as they would be seen at the top of the atmosphere. Systemic
and atmospheric effects have been removed. Note that these calibrated spectra have not been
de-reddened. The classifications are the closest G&S catalog member as determined by the
method described above.
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Examples of collected, calibrated spectra
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Figure 18: Example calibrated, non-dereddened spectra from Berekeley87, captured using
LCTF. WR spectral line notes from Polcaro, et al.
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Table 7 presents the classifications of all stars observed in this project for which
independent references existed. The point here is to note the level of agreement between
previous work and the data captured using the LCTF. Note that TF29 (DM1) is the
Wolf-
Rayet ST3 and that there are no similar spectra in the catalog.
On the whole it appears that the automated classification determines a star's spectral type
with enough accuracy to be useful. The LCTF data also seems moderately successful at
determining the spectral subtype. The process has also preformed well in measuring the
reddening, given the caveats previouslymentioned. It would be of interest to be capable of
determining which stars of appropriate classes are dwarves and which are giants, but this
seems beyond the limits of the data.
For scoring, a weighted variance, based on a chi-squared test, was used. Thus, a score of
0.0 would imply a perfect match with a catalog spectrum with a particular reddening. Some
value of this score needed to be defined as the success/fail point. From the results shown, a
score higher than 0. 1 is taken to imply a low confidence in the classification, and a value of
0.2 ormore can be taken as unreliable. This may be slightly conservative given the data
presented but understanding that this is a proofof concept and refining the technique is a




















A2V 1.8 1.5 56 0.29
4 27 B0.2MI BOIB 1.6 1.4 61 0.05
13 79 B0.5III | 1.4 ,.2 35 0.00
32 25 B0.5III B3V 1.6 1.5 61 0.17
73 B0.5V M4V 1.4 32 0.03
26 21 B0.6lab B1V 1.7 1.6 61 0.07
24 26 B1lb B3V 1.6 1.5 61 0.04
31 18 B1V B1V 1.7 1.5 61 0.06
16 19 B2V B3V 1.5 1.5 61 0.05
15 10
V439
Cyg B3 08F 1.5 1.7 61 0.52
20 6 KOMI KOMI KOIV | 0.0 61 0.05
25 11 09V 05V 08F I 1-6 1.4 60 0.05
29 1 WC4pec WCp K7V 0.0 61 5.63








I . _ ...
1.5 61 0.42
Table 7: Classification and reddening for all stars for which independent references existed
prior to this study.
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In Table 8 all stars believed to be successfully classified using the LCTF are
presented. On
the whole, some 119 stars were classified with reddening values. Of these, 74 stars have
scores better than 0.2 and an adequate number ofwavelengths collected to automatically
classify. For perspective, classifications for 16 stars within the field existed in published
works prior to this project. Potentially 58 new classifications have been achieved by this
work.
Some stars have been given a small negative reddening. In effect these stars have no
measurable reddening, but given the entanglement with classification and the resulting
potential for error, it made sense to allow the classification routine access to these values in






Class DM Ebv score
0 B3V 1.4 0.11
2 B5IB 1.5 0.10
3 B3V 1.5 0.07
5 B5IB 1.5 0.12
6 KOIV 0.0 0.05
8 06 1.6 0.10
11 08F 1.4 0.05
13 G7IV -0.1 0.20
14 G8IV 0.1 0.18
16 AOV 1.4 0.14
17 A7V 0.1 0.09
18 B1V 1.5 0.06
19 B3V 1.5 0.05
20 G6IV 0.0 0.04
21 B1V 1.6 0.07
22 B3V 1.9 0.07
23 B3V 1.3 0.07
24 B5IB 1.6 0.03
25 B3V 1.5 0.17
26 B3V 1.5 0.04
27 BOIB 1.4 0.05
29 B3V 1.4 0.06
30 B4V 1.3 0.03
31 A2V 1.1 0.02
32 A5IV 1.4 0.03
33 G8III -0.1 0.03
34 BOIB 1.6 0.03
35 B3V 1.6 0.03
36 F8V 0.9 0.04
37 G8V -0.1 0.03
38 08F 0.9 0.05
39 A1V 1.4 0.07
40 B3MI 1.6 0.14
41 BOIB 1.4 0.04
42 FOIV 1.2 0.09











45 2 1.8 0.06
46 A2V 1.5 0.07
47 KOMI 1.3 0.06
48 B2V 1.2 0.04
49 A2V 1.2 0.05
50 AOV 1.3 0.08
51 AOV 1.4 0.07
52 6 1.6 0.03
53 B9IV 1.4 0.05
54 KOMI 1.0 0.05
56 08F 0.8 0.03
57 B2V 1.5 0.06
58 A4IV 1.8 0.03
59 -0.1 0.09
60 AOV 1.6 0.08
61 G5IV -0.1 0.03
62 B1IV 1.4 0.04
63 B2III 0.9 0.08
64 B7V 1.6 0.13
65 F8V 0.9 0.04
67 AOV 1.2 0.07
68 KOIV 0.5 0.04
70 G4IV 0.8 0.07
71 G8IV 0.9 0.02
73 M4V 1.4 0.03
75 K8V 0.9 0.00
78 M2V 0.1 0.00
79 1.2 0.00
80 MOV 0.2 0.00
81 G8V 1.2 0.00
83 M7MI 0.1 0.01
86 GOV 1.0 0.00
87 B5IB 0.3 0.00
88 G8IV 0.1 0.00
Table 8: Successfully classified stars.
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3.6 Data & Classification Uncertainties
While the point of this paper is to test the possibility ofusing such a system for
spectroscopy rather than collect highly characterized data from a refined, mature system in
order to further basic astronomy, some brief discussion of errors might prove useful. Errors
in this work fall into two regions: measurement and classification.
As for the capturing of the data, its reduction, and calibration, the level ofuncertainty can
be measured to an acceptable degree by the tools found in IRAF. For each spectrum
captured a value formagnitude was found at every possible wavelength. Likewise,
uncertainties are tracked through the processing and a value for each wavelength for each star
is estimated. For all stars and all wavelengths, the average uncertainty in magnitude was
found to be 0.028. Below, in Figure 19, is shown these uncertainties per wavelength for all
of the stars used to calibrate the data set.
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Figure 19: Average of the uncertainties inmagnitude of the calibration stars.
Uncertainties on the classification side of the work are somewhat more qualitative in nature.
How well does the combination of this LCTF system and the method used actually classify a
star? In comparing the classifications determined during this project with previously
published works, excluding any data used for calibration, some sense of the level of accuracy
can be established. For run-of-the-mill stars, the MK classification can be fairly accurately
determined if the classification is not highly dependent upon spectral features beyond the
resolution of the system. Conversely, errors in attempting to decide whether an object may
be a dwarf or not, were fairly common. Although much more data would be required to give
a truly definitive value, it appears that reddening too can be determined to somewhere in the




4.1 Review of Results
In summary, the primary goal of this project was to see whether or not an LCTF system
could be used to collect multi-object spectroscopy of stellar targets over an entire field of
view. Such a system was assembled using an LCTF with a FWHM of lOnm at 555nm and a
range from 400 to 720nm. A target was selected, Berkeley87, for its position in the sky,
object density, brightness, and for the fact that previously existing, independent data on the
cluster was readily available. The data was collected on the Crossley telescope at Lick
Observatory, giving a square field ofview approximately 7.9 arcseconds per side.
Reduction of the data was performed using IRAF following standard practices. After
calibration, an initial test of the data's quality was performed by comparing published Vmag
values for over 30 stars to values derived from synthetically integrating the collected spectral
data into Johnson V filter equivalents (refer to Table 6). The results of this comparison were
highly favorable and demonstrate that photometric measurements from the system are quite
reliable. Vmag values were established for some 26 stars for which no such data has been
previously published. Having passed this test work progressed toward the spectroscopic
goal.
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The star ST3 (WR142) has many interesting spectral features described in several previous
publications. These features occur at specific wavelengths and have readily identifiable
characteristics. As such, an examination of the star's spectrum collected by the LCTF system
reveals that the system is accurate in regards to wavelength. The features appear at the same
wavelengths others have described using systems with much higher spectral resolutions and
the relative strengths of the features also agree with published data. Additionally, spectral
lines, such as Ha, found in more common-place stars, are consistently located at their
expected wavelengths throughout the data. This is another reassurance that the system is
performing well.
Automated spectral classification of the data was its ultimate test for usefulness in the
multi-object spectroscopy goal. To this effect, each spectrum was de-reddened by various
amounts and compared to the Gunn & Stryker catalog. Attempts were made to determine
each star's spectral type, sub-type, luminosity group, and reddening. In all, values for 1 19
stars in the field were determined, with 74 of these being of adequate coverage and quality to
have meaningful results. Prior to this work, only 16 stars in the field had been classified. So,
potentially, we have newly discovered classifications for 58 objects.
Objects for which there was good spectral coverage and adequate signal are believed to be
accurately classified for stellar type. The accuracy of the classifications from this data is
most likely within the range of3 sub-types. Values for each star's amount of reddening are
believed accurate to approximately 0.2Ebv- Although there was some success in separating
dwarves from giants, it does not seem likely that such a determination can be made reliably
with a system of this spectral resolution. The limited size of the union between the dataset
and published classifications does not lend itself to rigorous error analysis. These estimates
on accuracy are arrived at by careful comparison to the published works, but should be used
to merely gain a general
impression of the system's abilities. It is reasonable to expect that a
more mature system put to regular use would refine these initial estimates.
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4.2 Major Issues
There are three primary issues which limited the success of the system: spectral resolution,
sensor noise, and the observing environment.
The spectral resolution of lOnm restricts the ability to disentangle reddening from spectral
class. As perhaps does the specific range ofwavelengths this particularmodel covers. Since
this system was first assembled, higher resolution LCTFs have become commercially
available with a greater selection of ranges.
The camera integrated into the system has, by today's standards, fairly high values for dark
noise and read noise. Through better electronic design and better cooling, CCDs with dark
noise levels more than an order ofmagnitude better are available on a comparably priced
camera. Additionally, CCDs now have more pixels and cover a larger area. Given that our
LCTF has a clear aperture of 35mm in diameter and our CCD is only 12mm on a side, a
larger sensor is highly desirable.
The third major issue faced during this work was the ambient temperatures found at the
observatory. While the Crossley proved adequate for this basic, proof-of-concept type work,
collections of future data would benefit from a more stable environment. There seems to be
little reason to think that the Crossley will be restored to general use, but perhaps observing
runs in winter would fare better. The other option is, of course, to locate a different telescope
adequate to the needs of the camera system.
As an additional minor point, it should be noted that Berkeley87 was chosen in part
because, at themagnitudes to which the system is sensitive, the field was not overly crowded
so as to minimize the amount of cross-contamination between objects. Through the
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experiences gained during this work, it seems safe to suggest that a somewhatmore crowded
field would pose no significant problems.
4.3 Conclusion
The work presented is successful in demonstrating that such a system holds the potential to
be of significant value to astronomy. With further refinement and the implementation of the
aforementioned improvements, it is highly likely that an LCTF system can be established
capable of reliable wide-field multi-object spectroscopy.
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Acronyms
ADU Arbitrary Digital Unit
AOTF Acousto-Optic Tunable Filter
CCD Charged Coupled Device
CTIO Cerro Tololo Inter-American Observatory
DAOPHOT Dominion Astrophysical Observatory photometry package
DDO David Dunlap Observatory
ESA European Space Agency
FPTF Fabry-Perot Tunable Filter
FWHM Full Width Half-Maximum
FSR Free Spectral Range
HST Hubble Space Telescope
IEEE Institute ofElectrical and Electronics Engineers, Inc.
IRAF Image Reduction and Analysis Facility
ITO indium tin oxide
LCTF Liquid Crystal Tunable Filter
MUSE Multi-Unit Spectroscopic Explorer
NGC New General Catalog
NOAO National Optical Astronomy Observatory
PASP Publications of the Astronomical Society of the Pacific
PCA Principle Components Analysis
PSF Point Spread Function
QTH Quartz/Tungsten/Halogen
SDSS Sloan Digital Sky Survey
SPIFFI Spectrograph for Infrared Faint Field Imaging
STJD Super-Conducting Tunnel Junction Detector
TES Transition Edge Sensor
TTL Transistor to Transistor Logic
VIS-AR Visible-Anti-Reflective
WIYN University ofWisconsin, Indiana University, Yale University, and the NOAO
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